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Abstract - The sensitivity of solution properties to variation in the problem parameters is a 
desirable output of simulations. This information can be obtained as a by product when the nominal 
solution is computed by Newton iterations. A novel application of this idea to semiconductor simu- 
lations is presented. Special care is needed for extracting the right subset of the possible derivatives, 
without increasing the computational complexity significantly. 
1. INTRODUCTION 
Sensitivity analysis is an important component of simulation based computer aided engineering 
systems. The designer simulates the behavior of the apparatus at nominal parameter values, 
and can use sensitivity information for optimizing certain features of it. When Newton’s method 
is used for computing the nominal solution, then sensitivity information can be derived as a 
by-product. The fact that the Jacobian, along with its L-U factorization are produced for the 
Newton process [l], facilitates derivative computation at a marginal additional cost. 
Considering the large sets of input and output parameters, there are many possible partial 
derivatives. Careful engineering judgement should be used for choosing the sensitivity infor- 
mation of most interest. We first outline the general differential formulation. The example of 
current sensitivity to doping is worked out in detail. Numerical tests confirm that the derivatives 
computed by our method agree with results of differencing between neighboring nominal points. 
2. GENERAL METHOD 
Consider a time independent vector differential equation: 
JY? Y,P> = 0 (1) 
of position 2, a state vector y (including its space derivatives), and parameters p. This equation 
is specified in a domain Q, and proper boundary conditions are specified on the boundary of R. 
In the case of the drift-diffusion model [2] y = ($, n, p), w h ere $ is the electrostatic potential, 
and many parameters p are required to furnish an industrial model. The most important of these 
are the doping profile D, contact potentials, mobility parameters, etc. 
These equations are numerically solved, by a linearization scheme. Popular schemes are the 
Gummel decoupling technique, and Newton iterations. 
Consider the Newton update formula: 
Once the state y converges, several output functions s(y) of it are computed. Such functions 
are terminal currents, total charges, etc. The sensitivity of these outputs to the parameters p 
can be derived from the final Jacobian J. 
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By the chain rule: 
ds 
dp- 
- gpg-. (3) 
Let m,n be the dimensions of p,s respectively, then the numerical solution of (3) involves 
1 = min (m, n) solutions of linear systems with the Jacobian matrix. The reason is that we can 
choose between solving %J-’ first, or alternatively, starting with the right hand side, namely, 
to solve J-l%. When s is a scalar (e.g., drain current) then v = g is a row vector. Once we 
solve the linear system: WJ = v where J is the Jacobian we obtain the row vector w which can 
be multiplied by the matrix Bp E for any selected parameters p. 
3. CURRENT SENSITIVITY TO DOPING 
The semiconductor drift diffusion model consists of 3 nonlinear equations in the unknowns 
(+, n,p)- 
Fl = G’2+.+p+D=0, (4) 
F2 = V.J,,-R=O, (5) 
F3 = V.J,+R=O, (6) 
(7) 
where the currents are: 
Jfl = pn(nV$ - Vn) (8) 
JP = Pp(-- PW + VP). (9) 
The popular Scharfetter Gummel discretization scheme [3] for J,, between nodes i and j is: 
Jij = pij Sij 
njB($j - $i) - niB($i - llj) 
Lij 
, (10) 
where Lij is the Euclidean distance between the nodes, Sij is the cross section through which 
the discretized current flows, and B(z) is Bernoulli’s function (B(t) = z/e” - 1). In order 
to implement formula (3) for the sensitivity of the discrete electron current to doping we first 
compute the derivative e where s is the current Jij, and y is the vector of nodal ($J, n,p) values. 
Differentiation yields: 
8Jij 
- = PijSij 
njB’($j - $0 + niB’(+i - $j) 
Wj Lij 
8Jij 
anj 
= p,,sij B(+j - $i) 
31 Lij 
(11) 
(12) 
(13) 
The electron current at a specific contact is the sum of all Jij contributions where i is a node 
belonging to that contact. The resulting vector v is of length 3n, where n is the total number of 
nodes. Most of its entries are zero, due to the locality of the difference scheme. 
As to the vector g in (3), substitute the doping D as the independent parameter p. For 
the 3 components of $$ we obtain: 
8Fl.i 
- = Wibij 
aDj 
(14) 
dF2i 
ao,= 
dF3i = o 
aoj * 
(15) 
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Figure 1. Current sensitivity to doping, at channel region of MOSFET (log plot). 
Here W’i is the control volume associated with node i. This expression is a diagonal matrix. In 
order to compute (3) with a single linear solution, and a single matrix vector multiplication, one 
should first solve the equation: 
where M is the discrete Jacobian 
8J 
Id4 = v = a($, n,p) ’ 
matrix, and then multiply: 
(16) 
dJ dF -=u-. 
aD aD (17) 
Figure 1 is a logarithmic surface plot of the sensitivity of drain current to doping in a MOSFET 
device. As expected, the MOSFET current turns out highly sensitive to channel doping, and quite 
insensitive to the bulk doping. 
In order to verify these results we have compared them with numerical differences of separate 
simulations: 
aJ -N Jb + API - J(P) 
aP - AP * 
(18) 
This divided difference indeed converges to the derivative computed from the Jacobian [4]. 
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